Abstract. The Electro-Slag-Remelting (ESR) is an advanced technology for the production of components of e.g. high quality steels. In the present study a comprehensive computational model using the VOF technique for the prediction of the slag/pool interface is presented for axisymmetric and steady state conditions. In this model the distribution of the electric current is not constant in time, but is dynamically computed according to the evolution of the slag and steel phase distribution. The turbulent flow, created by the Lorentz and buoyancy forces, is computed by solving the time-averaged mass and momentum conservation equations. The turbulence effect is modelled by using a k-ε model. Two numerical simulations were performed, one assuming a flat interface, and a second leaving the interface free to find an equilibrium shape. The results are then analysed and compared for both cases.
Introduction
The Electro-Slag-Remelting (ESR) is an advanced technology for the production of components of e.g. high quality steels. An alternating current (AC) is passed from a conventionally melted and cast solid electrode through a layer of molten slag to the baseplate ( Figure 1 ). Because of the electrical resistivity of the slag, Joule heating is generated and the slag transfers this energy to both ingot and mould surfaces and to the melting electrode tip. The molten metal produced in the form of droplets or a continuous stream passes through the slag and feeds a liquid pool which then solidifies nearly directionally. The slag and the ingot are contained in a water cooled copper mould. As also the baseplate is water cooled, a heat flow regime is imposed that gives controlled solidification, and this results in an improved structure characteristic of ESR ingots. The present investigation aims to create a numerical model that can predict all these features with a minimum of assumptions. In terms of modelling, the ESR process is a multiphase magnetohydrodynamic (MHD) system with heat and mass transfer. Simulations [1] [2] [3] [4] [5] [6] [7] [8] [9] can be found in literature, but due to the complexity of the system and due to the computational restrictions, several assumptions and simplifications are necessary.
One of the assumptions consists in assuming a flat slag/liquid pool interface. A previous work [8] using a VOF model has shown that the interface between a layer of slag and steel layer in a cylindrical cavity is highly coupled with the distribution of the electric current. The results were produced only for a basic DC field and by considering only the Lorentz force. The temperature distribution was not calculated so that the influence of the buoyancy and the mushy zone on the momentum equations was not taken into account. Here the same VOF model has been further developed to calculate the temperature and the solidification fields resulting from the application of an AC current. The objective of the present work is not to predict the solidification front, but to illustrate the consequences of a curved the slag/steel pool interface, in particular on the Joule heating distribution. For that it is necessary to know roughly the bottom limit of the fluid domain. Therefore we decided to use an enthalpy-porosity model to approximate the pool profile. Two calculations were performed, one assuming a flat slag/steel interface, and a second leaving the interface free to find an equilibrium shape.
The umerical Model
The axisymmetric calculation domain is presented in figure. 1. An electrode is put in contact with a cylindrical container filled with a layer of liquid slag and a larger layer of liquid steel. The properties of both steel and slag as the density (ρ), dynamical viscosity (µ), and electrical conductivity (σ) are assumed to be temperature dependant. The magnetic permeability (µ 0 ) is the same everywhere and equal to the vacuum magnetic permeability. The electrode supplies a total 5Hz AC current of 5000 Amperes. Table 1 lists typical physical properties of the alloy, the slag, the geometry and the operating conditions used for the present simulations.
The VOF technique. The well known VOF method provides the possibility of tracking immiscible interfaces that are of interest for the present study. The VOF model is a surface-tracking technique applied to a fixed Eulerian mesh. It is designed for two or more immiscible fluids where the position of the interface between the fluids is of interest. A single set of momentum equations is shared by the fluids, and the volume fraction of each of the fluids in each computational cell is tracked throughout the domain.
In the VOF method the motion of the interface between immiscible liquids of different properties is governed by a phase indicator, the so-called volume fraction f, and an interface tracking method. The volume fraction f k is equal to 0 outside of liquid k, and equal to 1 inside. According to the local value of f, appropriate properties and variables are assigned to each control volume within the domain. A standard advection equation governs the evolution of k f for a given flow field u r :
In a two phase system the properties appearing in the momentum equation are determined by the presence of the component phase in each control volume. The average values of density, viscosity and electric conductivity are interpolated by the following formulas
where the subscript 1 and 2 indicate the slag and steel phase, respectively. The same procedure is used for all other properties of the fluid, such as the heat capacity C p , heat conductivity k and the thermal expansion coefficient β. The implicit version of the VOF technique was used for the present calculations. The surface tension is supposed to play a role on much smaller scales than the dimensions of the present geometry, so that it is neglected.
Electromagnetics. The imposed vertical current is distributed over the entire domain according to the distribution of the slag and steel phase. Whereas there exist a radial and an axial component for the electric current, there is only a tangential component for magnetic field. For sinusoidal AC field, H is a function of the position, and ω is the angular frequency. The equation to be solved can be expressed as:
The resolution is performed for both real and imaginary parts of this equation. Although the time is not present in Eq 3, the fact that σ can vary in time at one position (the slag/steel interface moves) makes θ H also as a function of time.
Due to the very high difference between the electrical conductivity between the electrode and the slag, the radial current is assumed to be zero at the electrode. The same condition is used at the 
Here p represents the pressure and g the gravitational acceleration. The effect of turbulent mixing is taken into account through the turbulent viscosity T µ . For this a k-ε model is used. The Boussinesq approximation is used for determining the buoyancy force. S is the momentum sink at the mushy zone, see next section for more details.The last term on the right hand side of Eq.4 represents the Lorentz force. The no-slip boundary condition is imposed at all boundaries except at the exposed slag surface where a total slip condition is used.
The Energy equation.
The temperature distribution is governed by the energy conservation equation:
Where L is the latent heat, and k t the turbulent thermal conductivity. The lever rule is used to define the liquid fraction ) /( ) ( 
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Where A is the mushy zone constant, taken equal to 10 5 . Joule heating created by the current is taken into account only in the slag domain. Similarly the latent heat released appears as source term acting in the steel region only.
The present study performs analysis of the ESR process for very small melt rate of 1.9 kg/min. The total heat lost at the electrode is set to
.At the exposed slag surface heat is lost through radiation. The heat transported by the droplets to the liquid pool, is taking into account through a special heat source at the Slag/steel interface. The bottom surface is treated as an outflow boundary and conditions at this surface are calculated by extrapolation from within the domain. The most important boundary conditions on the energy transport are those at the mold. At a boundary node at the mould the boundary condition depends on whether the boundary cell is filled with slag or steel. As we do not model the solidified slag layer we can impose the slag liquidus temperature if the adjacent cell is filled with slag. At the height of the liquid pool there is a minimum in heat transfer from the ingot through the slag skin and mould to the cooling water. There a heat transfer coefficient of ~1000 W/m 2 is used. The heat transfer coefficient across the ingot-mold shrinkage gap is much lower [7] . 1) The distribution of the electric current is mainly vertical, except at the extremity of the electrode and under the slag exposed surface (figure 2a.). This last zone corresponds also to the region where most of the Joule heating is released. Usually the ESR process uses 50 Hz AC currents, this induces a sensitive skin effect at the liquid steel region [6] . Here the use of a small AC frequency (5Hz) gives rise to a distribution closer to that of a DC current.
Results and Comments
2) In figure 4 we can see that the flow is higher in the slag region compared to the liquid steel region [1] [2] [3] [4] [5] [6] [7] [8] [9] . Due to the high electric current density, the maximum velocity is located at the corner of the electrode. Nevertheless the flow in the steel pool is strong enough to generate a strong mixing at the origin of the quasi uniform temperature field in the liquid pool.
3) The slag is the hottest region ( figure 3) . The chosen heat boundary condition at the mold induces a parabolique pool profile. As usually found for small melting rate, the depth of the pool is of the same order than the slag depth [1] [2] [3] [4] [5] [6] [7] [8] [9] .
In the case of a free interface, the main result is that at equilibrium the shape of the slag/melt interface is not flat but concave as found in [10] . The electric current distribution is highly modified compared to the case with a flat interface.
The curvature of the interface induces a strong horizontal component of the electric current ( figure  2b) . Nearly all the current coming from the electrode penetrates into the liquid steel at the top of the interface creating a new zone of high current density near the mold. This zone generates higher quantity of heat than the zone near the electrode, so that the total heat released through joule heating is much higher than that produced with a flat interface case.
Despites the high increase of the Joule heating, the temperature distribution is similar to that found for a flat interface. The maximum temperature is higher, i.e 1910 K for the flat interface and 2151 K
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Solidification and Gravity V for the free interface. This result is due to the high mixing rate generated by the highly turbulent flow (high k t ).
The solidification of the steel started at the level of the interface, but become large only at a certain distance from the interface level (figure 4). The heat boundary conditions at the mold were not modified in order to see clearly the influence of the new Joule heating distribution. The iso-lines of temperature in the center are slightly shifted downward, making the pool deeper and a finer mushy zone.
The equilibrium of the forces is now totally different. An additional vertical Lorentz force is generated by the new horizontal component of the electric current. Nevertheless this flow conserves the same characteristics than in the imposed flat interface, except under the electrode where the velocity magnitude was found to be higher.
Conclusion
The present study describes a numerical model for the analysis of the magneto-hydrodynamics and heat transfer in the ESR process. The VOF model was used to track the interface. The aim of this work is to illustrate the consequences on the magneto-hydrodynamics and heat transfer if the slag/pool interface is left free to move. In the present configuration the interface was found to be concave. The Lorentz force and Joule heating distribution, and so the velocity and temperature field, are very different from the results found with a fixed flat interface. Keeping the same heat boundary conditions at the mold, the shape and the depth of the pool profile computed with the help of an enthalpy-porosity model was found to be different.
Several experiments using 5Hz AC field with different melt rate are planed. In the future, this model will be validated with measured temperatures in the mould and microstructural investigations of several ingots. Afterwards, this model will be applied with varying a large range of parameters, such as the diameter of the electrode and mold, the intensity and frequency of the imposed current, and the slag height 
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